Ruthenium-based perovskite systems are attractive because their structural, electronic and mag-12 netic properties can be systematically engineered. SrRuO 3 /SrTiO 3 superlattice, with its period 
Strontium ruthenate [1] belongs to a broad scope of perovskites and has attracted ex-1 tensive attention, due to its exotic properties. When slab thickness decreases, its itinerant 2 ferromagnetic (FM) phase disappears [2] . This has motivated many experimental [3-6] and 3 theoretical investigations [7] [8] [9] to search the origin of the loss of the FM metallic phase.
4
Another perovskite, SrTiO 3 (STO), is a good insulator, and also has attractive physical 5 properties such as superconductivity and two-dimensional electron gas on its surface and 6 interfaces [10, 11] . It would be a fascinating idea to investigate a superlattice which consists 7 of one layer of "conducting" SrRuO 3 and one "insulating" layer of SrTiO 3 , or SRO/STO su-8 perlattice. Experimentally, thicker superlattices have already been fabricated [12] [13] [14] [15] . The Curie temperature decreases [14, 15] with the decrease of the period of the superlattice. The 10 magnetic moment of the Ru atom is suppressed, and no FM ordering was identified in a 11 1/1 superlattice. A question is thus raised whether there is indeed any magnetic ordering 12 established in the SRO/STO 1/1 superlattice. 13 With the advent of the state-of-the-art molecular-beam epitaxy (MBE), pulse laser de-14 position (PLD) and other growth techniques, it is now possible to fabricate interfaces with 15 atomic sharpness. This is particularly true for systems with a very small lattice mismatch, 16 such as SRO/STO. More importantly strain can be controlled through different substrates.
17
For instance, TiO 2 and MgO [16] can induce an in-plane strain of -4% and 7%, respectively.
18
Piezoelectric substrates like PMN-PT even allow one to control the strain in real time [17] .
19
This greatly facilitates materials engineering.
20
In this Letter, we report that such a superlattice undergoes an intriguing magnetic 21 phase transition under epitaxial strain. Our experiment first shows that in a well prepared 22 SRO/STO superlattice sample, ferromagnetic ordering can survive down to ultrashort period
23
(1/1). We can tune its magnetic properties by applying different strains. Our first-principles 24 calculations further reveal that the in-plane strain can drive the system from a ferromag-25 netic to an antiferromagnetic phase at a critical strain ξ c = 5%. Within the ferromagnetic 26 phase, three structurally different phases are identified: below 0.25% (α phase), the RuO 6 27 and TiO 6 octahedra rotate in the opposite direction but without tilting; between 0.25% and 28 2.5% (β phase) tilting starts and the rotation angles of both RuO 6 and TiO 6 are reduced; 29 and above 2.5% (γ phase), both RuO 6 and TiO 6 rotate in the same direction. To understand 30 these dramatic changes, we carefully examine the borderline between phases and find that 31 the frontier spin-down Ru-t 2g orbital is mainly responsible for the phase transition, where 32 its occupation changes with the strain. These phase transitions directly lead to a qualitative 1 difference in dielectric tensor, a signature that can be probed experimentally. in Fig. 1(a) . The data shows unambiguously that the superlattices are smooth and free 10 of any second phase. From the (002) peaks (see Fig. 1(a) ), we estimate the out-of-plane 11 lattice constants for these films to be 3.982Å, 3.978Å and 4.009Å, respectively, meaning film. Surface atomic force microscopy (the inset of Fig. 1(a) ) reveals that all these samples 15 have a smooth termination with the roughness below 1 uc.
16
The magnetic properties were measured at 5K by vibrating sample magnetometer (PPMS increases (see the inset in Fig. 1(b) ). For one percent change in strain, the magnetic moment 25 change is -0.14 ± 0.06 µ B . Since film thickness and growing conditions are the same for all 26 our samples, the lattice mismatch, or the strain, is directly responsible for the magnetic 27 properties change.
28
To understand the strain effects in this superlattice, we resort to first-principles calcu- Fig. 1(a) ) within the local spin density approximation plus Hubbard on-site Coulomb 1 repulsion (LSDA+U) [18, 26] . Within this scheme, the magnitude of U eff is treated as an 2 empirical parameter, which will be discussed in the following text and the Supplementary 3 Materials.
4
The in-plane tensile strain ξ, defined as ξ = (a−a STO )/a STO , is applied to the superlattice.
5
Here a is the lattice constant in use while a STO is that of the parent compound. The in-plane 6 strain is changed from -4.5% to 6%. At each strain, the ion positions and the out-of-plane is energetically favored. The magnetic moment is 2 µ B per SRO formula unit, which is 14 consistent with the calculated ferromagnetic ground state of bulk SRO [22] . However, when 15 the tensile strain exceeds ∼5%, the structure with c-type AFM phase becomes more stable 16 than that of FM. Therefore, a magnetic phase transition occurs at this critical strain. One The observation is indeed verified. Structurally, the FM region can be subdivided into 21 three different phases: ξ 0.25% (α phase), 0.25% < ξ 2.5% (β phase) and 2.5% < negative (see Fig. 1(d) ). There is no tilting, i.e. φ = 0
• . The quenching of tilting renders 25 the superlattice with a high symmetry of P 4/mbm, making it easy be detected (see below).
26
Similar observations have been reported experimentally in single crystals [9, [27] [28] [29] . Once 27 the strain exceeds 0.25%, the symmetry is reduced to P 2 1 /c. The β phase features a tilting
28
(φ = 0 • ) and two octahedra TiO 6 and RuO 6 rotating in the opposite direction (see θ Ti < 0
29
and θ Ru > 0). In the γ phase the TiO 6 octahedron rotates in the same direction as RuO 6 .
30
To shed light on this structural phase transition, we zoom in a small region around 31 ξ = 0.25% (see the small dashed box in Fig. 1(d) ). We manually change four structural 32 parameters (φ, θ Ru , θ Ti and ξ) around their respective equilibrium values while keeping the 1 rest unchanged. To make a quantitative comparison, we choose the structure at ξ = 0.45% 2 with a tilting angle φ = 3.88
• as the reference structure since it is near the critical point.
3
The energy difference curves are plotted in Fig. 2(a) 
12
It is conceivable that the above strongest contribution from ∆θ Ru must be associated with We also investigate the effect of the Hubbard U on the above phase transitions. Struc-27 turally, U eff has a minor effect [8] . Changes in the rotation angles at strain ξ = 1% and 28 ξ = 4.5% are too small to show. The largest change of about 2 degrees in the RuO 6 rotation 29 ( Fig.2(c) ) is found at a highly strained case (ξ = 6%). But none of these affects the above 30 phase separation. Therefore, the P 4/mbm → P 2 1 /c transition is robust [18] . shows that the band gap for the AFM phase is established for U eff ≥ 1 eV, and the total 32 energy favors the AFM phase for U eff > 1.5 eV. This is expected since it is well known that 1 the strong on-site correlation favors an AFM phase [31].
2
Since U eff effectively splits and shifts band states, the spin moment is fixed. To compare 3 with our experimental spin moment change, we set U eff to zero [32] and compute the spin 4 moment change. The results are shown in the inset of Fig. 1(b) . For every percent change 5 in strain, our theoretical magnetic moment change of -0.1 µ B agrees with our experimental 6 value of -0.14 ± 0.06 µ B quantitatively.
7
Finally, we demonstrate that both predicted structural and magnetic transitions are de-8 tectable optically. The structural phase transition at ξ = 0.25% breaks the mirror symmetry 9 (C 2v ), while the magnetic ordering transition changes the band structure. The former leads 10 to a dramatic difference in the off-diagonal element of the dielectric tensor, and the latter 11 leads to another big difference in the diagonal elements. In other words, we probe structural 12 and magnetic phase transition using two different tensor elements. Since VASP does not 13 include the intraband contribution, we decide to use Wien2K to compute the tensor since 14 both interband and intraband transitions are taken into account [18] .
15
The off-diagonal element of the dielectric tensor is used to probe the first order structural left. The low energy divergence no longer exists. Such change can be seen in Fig. 3(b) .
24
Thus the two major phase transitions can be detected through a simple optical setup.
25
In conclusion, we have shown that SRO/STO superlattice preserves its ferromagnetic 26 ground state at ultra-short limit. Our experiment has demonstrated that their magnetic FM. In the α phase, the RuO 6 and TiO 6 octahedra do not tilt, but in the β and γ phases, The untilted structure has a null signal, while the tilted one has a signal. (b) Diagonal elements, Im(ε xx ), as a function of ω. The focus is on the lower energy side. In the metallic phase the Im(ε xx ) diverges, while no divergence exists in the insulating phase.
